The lighting environment is a factor that significantly affects the physical and psychological aspects of occupants of a building. In particular, educational facilities should be designed to provide adequate natural lighting because it has a profound impact on students' health and learning performance. Although environmental certification systems include evaluation items for improving the indoor light environment, there is a lack of evaluation criteria regarding the corresponding issue of glare. Therefore, this study aims to help visualize areas where indoor glare problems occur, and to improve the evaluation scale of discomfort glare in environmental certification systems. A standard high school classroom in Seoul was analyzed to study glare issues in the educational space. DIVA for Rhino-Grasshopper, a light environment simulation program based on Radiance and DAYSIM program, was used to obtain reliable light analysis simulation results, and the daylight glare probability (DGP) measure was used to calculate discomfort glare. The results of the simulation and analysis suggest this is a method for improving glare evaluation measures that are lacking in indoor environmental certification standards. The visualized frequency of discomfort glare data is useful for planning the layout of the indoor space, opening, and shading design of a building to prevent glare problems.
Introduction
The lighting environment is a factor that has a significant influence on the body and psychology of building occupants [1] . In educational facilities, the lighting environment has a substantial effect on students because they spend a large portion of their school days working under a combination of artificial and natural lighting. Natural light still acts on students' health and learning performance in indoor environments. Therefore, it is necessary to obtain proper illumination through natural lighting to satisfy certain quantitative aspects of light and to meet qualitative elements of light, such as considering the occurrence of glare [2] [3] [4] [5] [6] . Educational facilities should be designed to offer a comfortable light environment by providing adequate illumination in the interior space. Thus, it is important to design elements, such as windows and shades, to prevent unpleasant glare occurring [7, 8] . Green building certification systems include evaluation items for improving the indoor light environment. However, there is no standard or clear criteria for the prevention of discomforting glare [9] .
This research aims to visualize areas where indoor glare problems occur and demonstrate a method to improve the evaluation scale of discomfort glare that may be applied in environmental certification systems. In this study, a standard high school classroom in Seoul was analyzed to examine the glare situation in a real educational space. To improve the current situation, it was first necessary to understand how much glare appears in an internal space by using a scale that can measure the degree be observed or simulated [25, 26] . Glare can occur at multiple locations in the interior of a building and not just at one point, but often studies do not identify the occurrence of discomfort glare problems throughout the indoor area or assess the visual comfort in the interior space. Therefore, guidelines are needed to perform quantitative assessments of glare problems throughout the space. The daylight glare index (DGI) was proposed by Hopkinson [27] and supplemented by Chauvel et al. [28] . It is calculated as follows:
s Ω 0.8
where L s is the luminance of the source in cd/m 2 , L b is the background luminance in cd/m 2 , ω s is the angular size of the source, and Ω s is the solid angle of the source. Depending on the size of the windows of the building, the brightness of the sky through the windows, and the brightness of the interior, the DGI value indicates the visual uncomfortability of people in the space. However, limitations of the DGI that result in lower analytical accuracy have been pointed out by several studies [29, 30] .
Daylight Glare Probability (DGP)
The daylight glare probability (DGP) is a method proposed by Wienold and Christoffersen [31] . It is calculated as follows:
where E v is the vertical eye illuminance (lux), constant c 1 = 5.87 × 10 −5 ; L s is the luminance of the source cd m 2 , constant c 2 = 9.18 × 10 −2 ; ω s is the solid angle of the source, constant c 3 = 0.16 ; and P is the position index, and constant a 1 = 1.87.
DGP is an improved formula that borrows part of the DGI function and introduces vertical eye illuminance and the position index that considers the field of view and position of an observer, respectively. Wienold and Christoffersen [10] also confirmed an improvement in the accuracy of glare analysis results with this formula.
Simplified Daylight Glare Probability (DGPs)
The simulation processing time in the simulation for DGP significantly increases when the analysis covers a large time interval. This is because a DGP analysis uses high dynamic range (HDR) images that appear at each point of time. A less processing-intensive method, simplified daylight glare probability (DGPs), was proposed by Wienord [32] to address this shortcoming. However, this method has a disadvantage in that it provides a reliable analysis only if a bright light source, such as the sun, is not directly visible [33] . The formula for this method is as follows (the variable definition is the same as for DGP): DGPs = 6.22 × 10 −5 × E v + 0.184.
Enhanced Simplified Daylight Glare Probability (eDGP)
DGPs reduced the computational time of DGP but has a disadvantage in that it cannot consider very bright glare elements, such as the sun. Wienord [33] proposed an improved simplification method to address both shortcomings at the same time. The enhanced simplified daylight glare probability Energies 2019, 12, 3265 4 of 21 (eDGP) is divided into Term1 and Term2. Because Term2 is the section that requires an HDR image, Term1 uses the DAYSIM program to obtain the virtual eye image for each time unit and substitutes the results for the function to reduce the calculation time. In most cases, results close to the DGP are shown. However, some situations may not be appropriate because this method ignores ambient indirect reflective light. The formula for this method is as follows (the variable definitions are the same as for DGP):
Methodology
To study the glare situation in an educational space, a school classroom was selected for analysis. In South Korea, classrooms are generally oriented with windows facing south, so adjacent classrooms are in a row running to the east and west. Hongik University Girls' High School was selected as a typical case for the glare study because the school has south-facing standard-sized classrooms. The location of the selected classroom can be seen in Figure 1 . the DGP are shown. However, some situations may not be appropriate because this method ignores ambient indirect reflective light. The formula for this method is as follows (the variable definitions are the same as for DGP):
To study the glare situation in an educational space, a school classroom was selected for analysis. In South Korea, classrooms are generally oriented with windows facing south, so adjacent classrooms are in a row running to the east and west. Hongik University Girls' High School was selected as a typical case for the glare study because the school has south-facing standard-sized classrooms. The location of the selected classroom can be seen in Figure 1 . In this study, the analysis was conducted using the DGP measure. To identify discomfort glare, Wienord has proposed other methods [10, [31] [32] [33] but also suggested several modified measures based on the DGP and set the criteria for analysis accuracy as the DGP. In addition, the DGP is considered a reliable representative glare analysis method and has been used in several studies of glare [24, 34] . Therefore, in this study, the DGP was adopted as an analytical scale to identify the frequency of discomfort glare throughout the indoor space.
To create a three-dimensional (3D) base model of the selected classroom space, the modeling program Rhino 3D was used. The classroom was 8.1 m wide, 7.8 m deep, and 3.6 m high, and there was a blackboard on the western wall. Also, for the purposes of the study, three different shading devices were considered for the windows on the southern wall. The shading devices would be installed at the top of each window ( Figure 2 ). The options were: No device, 600 mm of horizontal shading, and 900 mm of horizontal shading. The purpose of introducing the devices was to determine the influence of the shading depth on the glare occurrence. There were 36 analysis planes defined by In this study, the analysis was conducted using the DGP measure. To identify discomfort glare, Wienord has proposed other methods [10, [31] [32] [33] but also suggested several modified measures based on the DGP and set the criteria for analysis accuracy as the DGP. In addition, the DGP is considered a reliable representative glare analysis method and has been used in several studies of glare [24, 34] . Therefore, in this study, the DGP was adopted as an analytical scale to identify the frequency of discomfort glare throughout the indoor space.
To create a three-dimensional (3D) base model of the selected classroom space, the modeling program Rhino 3D was used. The classroom was 8.1 m wide, 7.8 m deep, and 3.6 m high, and there was a blackboard on the western wall. Also, for the purposes of the study, three different shading Energies 2019, 12, 3265 5 of 21 devices were considered for the windows on the southern wall. The shading devices would be installed at the top of each window ( Figure 2 ). The options were: No device, 600 mm of horizontal shading, and 900 mm of horizontal shading. The purpose of introducing the devices was to determine the influence of the shading depth on the glare occurrence. There were 36 analysis planes defined by dividing the inner plane into a 6 × 6 grid using DIVA for Rhino-Grasshopper. A rendering image ( Figure 3 ) that could replace the HDR image in the direction looking at the blackboard at 1.1 m (eye-level height of a person sitting on a chair at each point) was produced in order to perform an analysis of the discomfort glare with DGP calculations, which was then totaled into monthly and annual discomfort glare ( Figure 4 ). Figure 3 shows the size, shape, and analysis location of the classroom. Table 1 shows the types of classroom materials, which are typical in South Korea, and that were applied in the simulation.
analysis was performed every simulated hour from 9:00 am to 5:00 pm (when the school would be occupied). For comparison and analysis, this study used two types of sky conditions: A clear sky and a Perez sky. The clear sky models a sunny sky as defined by the International Commission on Illumination (CIE) [35] . The Perez sky [36] is a model that is close to the actual sky conditions. In the case of the Perez sky, this study used the Incheon EnergyPlus Weather File (EPW). Because the EPW file contained weather conditions that had been observed for several years at the observatory, it was possible to apply the most representative weather for each date in the simulation, resulting in typical weather conditions. The combination of three window shading options (none, 600 mm, or 900 mm) and two sky conditions (clear sky or Perez sky) resulted in six classroom types in which the simulation was run. These numbered types are described in Table 2 . The results are organized around these designations.
This study also organizes the results of the discomfort glare that occurred inside the classroom and compares them to the useful daylight illuminance (UDI) analysis to examine any tradeoffs. The UDI, proposed by Nabil and Mardaljevic [37] , was used to investigate how the light environment changed in the classroom according to the depth of the horizontal shading device. The LEED v4 [21] standard of 300 to 3000 lux was set as a good lighting condition, and it was evaluated through the illuminance of the working height standard. Therefore, the analysis height was set as 0.7 m above the classroom floor, which was considered a standard desk height. For the analysis, the 1st, 11th, and 21st of each month were sampled to cover the entire year. The analysis was performed every simulated hour from 9:00 am to 5:00 pm (when the school would be occupied). For comparison and analysis, this study used two types of sky conditions: A clear sky and a Perez sky. The clear sky models a sunny sky as defined by the International Commission on Illumination (CIE) [35] . The Perez sky [36] is a model that is close to the actual sky conditions. In the case of the Perez sky, this study used the Incheon EnergyPlus Weather File (EPW). Because the EPW file contained weather conditions that had been observed for several years at the observatory, it was possible to apply the most representative weather for each date in the simulation, resulting in typical weather conditions.
The combination of three window shading options (none, 600 mm, or 900 mm) and two sky conditions (clear sky or Perez sky) resulted in six classroom types in which the simulation was run. These numbered types are described in Table 2 . The results are organized around these designations. This study also organizes the results of the discomfort glare that occurred inside the classroom and compares them to the useful daylight illuminance (UDI) analysis to examine any tradeoffs. The UDI, proposed by Nabil and Mardaljevic [37] , was used to investigate how the light environment changed in the classroom according to the depth of the horizontal shading device. The LEED v4 [21] standard of 300 to 3000 lux was set as a good lighting condition, and it was evaluated through the illuminance of the working height standard. Therefore, the analysis height was set as 0.7 m above the classroom floor, which was considered a standard desk height.
Analysis of the Frequency of the Occurrence of Discomfort Glare through the DGP
This study proposed an indicator of the discomfort glare rate of time over the set value in a year based on UDI using dynamic daylight metrics. Therefore, 9 DGP values were collected for each of the 36 study points from 9:00 am to 5:00 pm for each of three days, on the 1st, 11th, and 21st of each month, covering an entire year. Consequently, each of the study points had 27 DGP values for each month to analyze discomfort glare in the classroom. The scale of DGP values can be expressed as four categories, indicating the extent to which people would typically feel uncomfortable with the glare. These are: Imperceptible, perceptible, disturbing, and intolerable. These values are divided into 5% intervals [38] . Exceeding the DGP value of 0.4 is the threshold at which one tends to feel discomfort [39] . This study also adopted this proposed scale range, and the frequency of occurrence of the DGP for each month is visualized in Figure 4 . The annual incidence is also shown ( Figures 5-10 ). The frequency of the occurrence of discomfort glare was divided into six color-coded steps, using a 10% ratio increase. This allows easy visual recognition of how discomfort glare occurred in the interior space ( Figure 4 ). The percentage of the internal space area per frequency is summarized in Tables 3-8, and the annual frequency of the occurrence of discomfort glare is also expressed as a graph, to identify this trend. The study was divided into two parts based on a 30% frequency of occurrence. Each table shows 30% or more items in red and 30% or less in green, using the heat map method to determine which parts of the table have higher values (Tables 3-8) . 
Analysis of the Type 2 Classroom
For the type 2 classroom, the sky condition was a clear sky, and the horizontal shading device was 600 mm deep at the top of the window. Table 4 and Figure 6 show that in January and December, October  83  0  3  3  3  8  14   November  64  8  11  6  0  11  17   December  53  17  0  11  8  11  30   Annual  69  19  8  3  0 
Analysis of the Type 3 Classroom
For the type 3 classroom, the sky condition was a clear sky, and the horizontal shading device was 900 mm deep at the top of the window. Table 5 and Figure 7 show that the frequency of January  53  3  3  14  14  31 Energies 2019, 12, x 9 of 22
In this study, six different types of classrooms were used for the simulation. As with typical work plane simulations, the sensor grid was set 1.1 m off the floor, and the classroom was divided into a 6 x 6 grid. Each analysis grid had an analysis node at its center, which contained 27 synthesized DGP values to show the monthly and annual frequency of the occurrence of discomfort glare. In addition, each table shows 30% or more items in red and 30% or less in green, using the heat map method to determine which parts of the table have higher values.
For the type 1 classroom, the sky condition was a clear sky, and there was no shading device. Table 3 and Figure 5 show that discomfort glare occurred less during the period from May to August. The month with the highest incidence of discomfort glare was January. The incidence of discomfort glare was also high in February, November, and December because discomfort glare mostly occurred in winter. From November to February, the space area ratio exceeding 30% of the occurrence rate for discomfort glare was constant at 30% to 31%. This means that discomfort glare occurred in almost 1/3 of the area, which means that the glare suitability of the interior space deteriorated considerably during those four months.
The annual incidence of discomfort glare, which was analyzed monthly, is shown in Figure 5 . This visualization image makes it easy to see where the discomfort glare problem occurred in the classroom space. The incidence of discomfort glare was very high in the vicinity of the windows. Analysis points 7, 13, 25, and 31 were 41%, 37%, 35%, and 37%, respectively. These four points contained more than 30% of the frequency of discomfort glare and 11.1% of the internal space area. Glare problems in the west location were generally more severe than in the east location. In the west, the highest analysis point was 7, which was higher than analysis points 25 and 31 in the east. Table 3 . The discomfort glare frequency according to the area ratio of the type 1 classroom.
Month
The Discomfort Glare Frequency According to the Area Ratio (%) September  83  0  0  6  11  0  17   October  75  6  6  3  3  8  14   November  64  3  3  8  8  14  30   December  47  11  11  8  11  11  30   Annual 3  67  19  3  8  3  0  11 Note: 1 10% to less than 20%; 2 The threshold of discomfort glare frequency; 3 One-year total frequency analysis. 64  6  0  11  8  11  30  March  81  3  3  0  6  8  14  April  83  0  3  6  8  0  14  May  100  0  0  0  0  0  0  June  100  0  0  0  0  0  0  July  100  0  0  0  0  0  0  August  86  10  0  0  0  0  0  September  83  0  0  6  11  0  17  October  75  6  6  3  3  8  14  November  64  3  3  8  8  14  30  December  47  11  11  8  11  11  30  Annual 3  67  19  3  8  3  0  11 Note: 1 10% to less than 20%; 2 The threshold of discomfort glare frequency; 3 One-year total frequency analysis. 
February

Analysis of the Type 4 Classroom
For the type 4 classroom, the sky condition was the Perez sky, and there was no shading device. Table 6 and Figure 8 show that the incidence of discomfort glare was relatively low from April to August and in December but frequently occurred from January to March and from September to November. The month with the lowest incidence of discomfort glare was December, and there was no area beyond this frequency of 30%. In March, the highest incidence of discomfort glare was shown, and the area ratio exceeding the 30% frequency was 25%. In the absence of a shading device, as in the type 1 classroom, there was a lack of visual comfort in the interior space. Figure 8 shows the frequency of annual discomfort glare. The analysis points 7, 13, 25, and 31 near the windows had high values of 53%, 55%, 49%, and 53%, respectively. When analysis points 7 and 13 in the west and 25 and 31 in the east were compared, the eastern points were somewhat lower. The area ratio exceeding 30% frequency of discomfort glare was 11.1%, which was the same as for the type 1 classroom. October  83  0  3  3  3  8  14   November  64  8  11  6  0  11  17   December  53  17  0  11  8  11  30   Annual  69  19  8  3  0  0  3   February  67  14  6  3  0  11  14  March  83  3  0  8  6  0  14  April  97  3 October  83  0  3  3  3  8  14  November  64  8  11  6  0  11  17  December  53  17  0  11  8  11  30  Annual  69  19  8  3  0  0  3 Energies 2019, 12, 3265 11 of 21 
Analysis of the Type 5 Classroom
For the type 5 classroom, the sky condition was the Perez sky, and the horizontal shading device was 600 mm deep at the top of the window. Table 7 and Figure 9 show that the incidence of discomfort glare was relatively low from April to September and in December, and discomfort glare was relatively high in January through March and in October and November. Compared to the type 4 classroom with no shading device, the area with more than 30% discomfort glare decreased from 11% to 0% in April, and the glare problem was partially improved in the remaining months as the frequency of discomfort glare was reduced.
The annual incidence of glare incidents is shown in Figure 9 . The frequency of discomfort glare was high near the windows. The analysis points 7, 13, 25, and 31 were quite high at 43%, 44%, 41%, and 43%, respectively. The ratio of space area exceeding 30% of the annual discomfort frequency of the type 4 classroom was 11.1%, the same as for the type 4 classroom, but the analysis points 7, 13, 25, and 31 with high occurrence frequencies of discomfort glare were reduced from 53%, 55%, 49%, and 53% to 43%, 44%, 41%, and 43%, respectively. The values decreased by 8% to 11%. Table 7 . The discomfort glare frequency according to the area ratio for the type 5 classroom.
Month
The Discomfort Glare Frequency According to the Area Ratio (%) 0-10 10-20 20-30 30-40 40-50 50-More than 30 Energies 2019, 12, x 12 of 22 discomfort glare was low in March through to October. The highest frequency of discomfort glare was in December. The incidence of discomfort glare was lower than that of the type 1 classroom with no shading device and of the type 2 classroom with the 600 mm horizontal shading device. Unlike type 1 and 2, there was no exceeding of the 30% of the discomfort glare occurrence in March and October. Also, in January and November, the area ratio of the occurrence of discomfort glare exceeding the 30% decreased from 31% to 19% and from 17% to 14%, respectively, when compared to the type 2 classroom. Figure 7 shows the frequency of the yearly incidence of discomfort glare. Analysis points 7, 13, 25, and 31 located near the windows showed a relatively high incidence of discomfort glare: 25%, 25%, 24%, and 24%, respectively, as in the other types of classroom. The ratio of space area exceeding 30% of the annual discomfort frequency of the type 3 classroom was 0%, which means that discomfort glare rarely occurred throughout the interior space of the classroom in this condition. Table 5 . The discomfort glare frequency according to the area ratio for the type 3 classroom.
The October  83  0  3  8  6  0  0  November  64  14  8  3  0  11  14  December  53  17  0  11  8  11  30  Annual  61  8 
Analysis of the Type 6 Classroom
For the type 6 classroom, the sky condition was the Perez sky, and the horizontal shading device was 900 mm deep at the top of the window. Table 8 and Figure 10 show that the frequency of 
Analysis of the Type 4 Classroom
For the type 4 classroom, the sky condition was the Perez sky, and there was no shading device. Table 6 and Figure 8 show that the incidence of discomfort glare was relatively low from April to August and in December but frequently occurred from January to March and from September to November. The month with the lowest incidence of discomfort glare was December, and there was no area beyond this frequency of 30%. In March, the highest incidence of discomfort glare was shown, and the area ratio exceeding the 30% frequency was 25%. In the absence of a shading device, as in the type 1 classroom, there was a lack of visual comfort in the interior space. Figure 8 shows the frequency of annual discomfort glare. The analysis points 7, 13, 25, and 31 near the windows had high values of 53%, 55%, 49%, and 53%, respectively. When analysis points 7 and 13 in the west and 25 and 31 in the east were compared, the eastern points were somewhat lower. The area ratio exceeding 30% frequency of discomfort glare was 11.1%, which was the same as for the type 1 classroom. November  58  14  8  3  17  0  20   December  67  22  11  0  0  0  0   Annual  72  14  3  0  3  8  11   February  61  11  6  11  11  0  22  March  72  0  3  3  8  14  25  April  86  3  0  11  0  0  11  May  89  0  0  0  0  11  11  June  89  0  0  0  0  11  11  July  89  0  0  0  11  0  11  August  86  3  0  0  0  11  11  September  72  6  6  6  0  11  17  October  69  6  6  6  3  11  20  November  58  14  8  3  17  0  20  December  67  22  11  0  0  0  0  Annual  72  14  3  0  3  8  11  Table 7 . The discomfort glare frequency according to the area ratio for the type 5 classroom. The well-lit area ratios were 82.91% (0 mm, no device), 85.19% (600 mm), and 81.91% (900 mm) for the horizontal shading devices of the indicated depths. The 600 mm deep horizontal shading device showed the best result. The 900 mm deep shading device showed worse results than the case of no shading device. As the length of the shading device increased, the over-lit ratio decreased, but if the depth of the shading device increased too much, the under-lit ratio increased, resulting in a discomfort glare was low in April through to September and in December and was relatively high in the remaining months. The incidence of discomfort glare was lower than that of the type 4 classroom with no shading device and the type 5 classroom with the 600 mm horizontal shading device. Also, in comparison with the type 5 classroom, the space area ratio exceeding 30% of the discomfort glare occurrence period from May to August decreased from 11% to 8%, 11% to 6%, 11% to 6%, and 11% to 8%, respectively. Figure 10 shows the frequency of the yearly incidence of discomfort glare. Similar to the other types of classroom, the analysis points 7, 13, 25, and 31 located near the windows showed a relatively high incidence of discomfort glare: 35%, 39%, 36%, and 38%, respectively. The ratio of space area exceeding 30% of the annual discomfort frequency of the type 6 classroom was 11.1%, which was the same as that for the type 5 classroom, but there were no analysis points with over a 40% occurrence frequency of discomfort glare, and all decreased to the 30% range, indicating that the glare problems were improved. Table 8 . The discomfort glare frequency according to the area ratio for the type 6 classroom.
Month
The Discomfort Glare Frequency According to the Area Ratio (%) 
Results
Analysis of the Type 1 Classroom
The annual incidence of discomfort glare, which was analyzed monthly, is shown in Figure 5 . This visualization image makes it easy to see where the discomfort glare problem occurred in the classroom space. The incidence of discomfort glare was very high in the vicinity of the windows. Analysis points 7, 13, 25, and 31 were 41%, 37%, 35%, and 37%, respectively. These four points contained more than 30% of the frequency of discomfort glare and 11.1% of the internal space area. Glare problems in the west location were generally more severe than in the east location. In the west, the highest analysis point was 7, which was higher than analysis points 25 and 31 in the east.
Analysis of the Type 2 Classroom
For the type 2 classroom, the sky condition was a clear sky, and the horizontal shading device was 600 mm deep at the top of the window. Table 4 and Figure 6 show that in January and December, the area ratio exceeding 30% of the discomfort glare occurrence rate was 31% and 30% as in the type 1 classroom. However, the proportion according to the area ratio of the discomfort glare occurrence rate exceeding 50% was lower than that of the type 1 classroom. The incidence of discomfort glare was not high from April to September. During that period, the incidence of discomfort glare was improved to less than 20% compared with the type 1 classroom due to the shading device. Also, in February and November, the area ratio of the occurrence of discomfort glare exceeding 30% decreased considerably, from 30% to 14% and 30% to 17%, respectively, when compared with the type 1 classroom.
The annual frequency of discomfort glare for the type 2 classroom is shown in Figure 6 . The frequency of discomfort glare was high in the vicinity of the windows, and analysis points 7, 13, 25, and 31 were 30%, 27%, 26%, and 26%, respectively. The west analysis points showed higher values than the east analysis points. At the same analysis points in the type 1 classroom, a high discomfort glare occurred, but this figure shows reduced values of about 10%. The area ratio exceeding 30% of the occurrence rate of discomfort glare was 2.8%, which shows that the glare problem was significantly improved by the shading device.
Analysis of the Type 3 Classroom
For the type 3 classroom, the sky condition was a clear sky, and the horizontal shading device was 900 mm deep at the top of the window. Table 5 and Figure 7 show that the frequency of discomfort glare was low in March through to October. The highest frequency of discomfort glare was in December. The incidence of discomfort glare was lower than that of the type 1 classroom with no shading device and of the type 2 classroom with the 600 mm horizontal shading device. Unlike type 1 and 2, there was no exceeding of the 30% of the discomfort glare occurrence in March and October. Also, in January and November, the area ratio of the occurrence of discomfort glare exceeding the 30% decreased from 31% to 19% and from 17% to 14%, respectively, when compared to the type 2 classroom. Figure 7 shows the frequency of the yearly incidence of discomfort glare. Analysis points 7, 13, 25, and 31 located near the windows showed a relatively high incidence of discomfort glare: 25%, 25%, 24%, and 24%, respectively, as in the other types of classroom. The ratio of space area exceeding 30% of the annual discomfort frequency of the type 3 classroom was 0%, which means that discomfort glare rarely occurred throughout the interior space of the classroom in this condition.
Analysis of the Type 4 Classroom
For the type 4 classroom, the sky condition was the Perez sky, and there was no shading device. Table 6 and Figure 8 show that the incidence of discomfort glare was relatively low from April to August and in December but frequently occurred from January to March and from September to November. The month with the lowest incidence of discomfort glare was December, and there was no area beyond this frequency of 30%. In March, the highest incidence of discomfort glare was shown, and the area ratio exceeding the 30% frequency was 25%. In the absence of a shading device, as in the type 1 classroom, there was a lack of visual comfort in the interior space. Figure 8 shows the frequency of annual discomfort glare. The analysis points 7, 13, 25, and 31 near the windows had high values of 53%, 55%, 49%, and 53%, respectively. When analysis points 7 and 13 in the west and 25 and 31 in the east were compared, the eastern points were somewhat lower. The area ratio exceeding 30% frequency of discomfort glare was 11.1%, which was the same as for the type 1 classroom.
Analysis of the Type 5 Classroom
The annual incidence of glare incidents is shown in Figure 9 . The frequency of discomfort glare was high near the windows. The analysis points 7, 13, 25, and 31 were quite high at 43%, 44%, 41%, and 43%, respectively. The ratio of space area exceeding 30% of the annual discomfort frequency of the type 4 classroom was 11.1%, the same as for the type 4 classroom, but the analysis points 7, 13, 25, and 31 with high occurrence frequencies of discomfort glare were reduced from 53%, 55%, 49%, and 53% to 43%, 44%, 41%, and 43%, respectively. The values decreased by 8% to 11%.
Analysis of the Type 6 Classroom
For the type 6 classroom, the sky condition was the Perez sky, and the horizontal shading device was 900 mm deep at the top of the window. Table 8 and Figure 10 show that the frequency of discomfort glare was low in April through to September and in December and was relatively high in the remaining months. The incidence of discomfort glare was lower than that of the type 4 classroom with no shading device and the type 5 classroom with the 600 mm horizontal shading device. Also, in comparison with the type 5 classroom, the space area ratio exceeding 30% of the discomfort glare occurrence period from May to August decreased from 11% to 8%, 11% to 6%, 11% to 6%, and 11% to 8%, respectively. Figure 10 shows the frequency of the yearly incidence of discomfort glare. Similar to the other types of classroom, the analysis points 7, 13, 25, and 31 located near the windows showed a relatively high incidence of discomfort glare: 35%, 39%, 36%, and 38%, respectively. The ratio of space area exceeding 30% of the annual discomfort frequency of the type 6 classroom was 11.1%, which was the same as that for the type 5 classroom, but there were no analysis points with over a 40% occurrence frequency of discomfort glare, and all decreased to the 30% range, indicating that the glare problems were improved.
The well-lit area ratios were 82.91% (0 mm, no device), 85.19% (600 mm), and 81.91% (900 mm) for the horizontal shading devices of the indicated depths. The 600 mm deep horizontal shading device showed the best result. The 900 mm deep shading device showed worse results than the case of no shading device. As the length of the shading device increased, the over-lit ratio decreased, but if the depth of the shading device increased too much, the under-lit ratio increased, resulting in a decrease in the well-lit ratio. The results of the analysis are summarized in Table 9 . Table 9 . Results of the UDI analysis according to the depth of the shading device. The well-lit area ratios were 82.91% (0 mm, no device), 85.19% (600 mm), and 81.91% (900 mm) for the horizontal shading devices of the indicated depths. The 600 mm deep horizontal shading device showed the best result. The 900 mm deep shading device showed worse results than the case of no shading device. As the length of the shading device increased, the over-lit ratio decreased, but if the depth of the shading device increased too much, the under-lit ratio increased, resulting in a decrease in the well-lit ratio. The results of the analysis are summarized in Table 9 . Over-lit (3000lux) 11.68 9.54 6.41
Top View Image of a Classroom
Depth of the Overhang Shading Device
Note: 1. The area achieving 300 to 3000 lux at least 50% of the time the area is occupied.
Discussion
Comparisons According to the Presence or Absence of A Shading Device
Energies 2019, 12, x 17 of 22 (b) Figure 10 . (a) Graph of the discomfort glare frequency for the type 6 classroom; (b) Visualization of the annual frequency of discomfort glare for the type 6 classroom.
The well-lit area ratios were 82.91% (0 mm, no device), 85.19% (600 mm), and 81.91% (900 mm) for the horizontal shading devices of the indicated depths. The 600 mm deep horizontal shading device showed the best result. The 900 mm deep shading device showed worse results than the case of no shading device. As the length of the shading device increased, the over-lit ratio decreased, but if the depth of the shading device increased too much, the under-lit ratio increased, resulting in a decrease in the well-lit ratio. The results of the analysis are summarized in Table 9 . Over-lit (3000lux) 11.68 9.54 6.41
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The comparison of the type 1 and type 2 classrooms showed that the frequency of the yearly discomfort glare was reduced overall due to the shading device. The area ratio exceeding 30% of the discomfort glare was significantly lowered, from 11.1% to 2.8%. The 600 mm deep horizontal overhang shading device had a significant effect on reducing discomfort glare in the clear sky condition. Also, when the overhang shading device was extended from 600 to 900 mm, there was 0% in the area ratio exceeding 30% of the occurrence rate for discomfort glare. Thus, in the clear sky condition, a 900 mm deep overhang shading device was enough to solve the problem of the discomfort glare occurrence.
The comparison of the type 4 and type 5 classrooms showed that the frequency of the annual discomfort glare of the type 5 classroom was lower than that of the type 4 classroom because of the added 600 mm deep overhang shading device. However, the area ratio exceeding 30% of the occurrence rate for discomfort glare was still 11.1%. The overall incidence was low, but the values were still high; thus, the area ratio remained unchanged. In the Perez sky condition, the 600 mm deep horizontal shading device reduced the incidence of discomfort glare, but there was still a high frequency of discomfort glare. Therefore, the occurrence rate of discomfort glare was reduced more by extending the depth of the horizontal shading device from 600 to 900 mm.
Comparison of the Glare Simulation Results According to the Sky Conditions
The type 1 classroom that had the clear sky condition had almost no discomfort glare from April to August, but the type 4 classroom that differed only in having the Perez sky condition confirmed that discomfort glare occurred at a very high frequency in some areas. The reason is that the luminance distribution seen at the same analysis point was quite different (Figure 11 ). In the clear sky condition, it was good to simulate the light environment of clear weather because it is based on sunny weather throughout a year. In terms of glare, this is a "worst" case in that it will simulate the most exposure that would be possible. However, as the light distribution along the vertical direction may not be accurate in the clear sky condition, it is possible that the luminance pattern will not appear correctly when compared to that of the actual sky [40] . Because of this, different DGP values appear in the same area when comparing the clear sky and the Perez sky. In the comparison of the frequency of annual discomfort glare in the interior space of the type 1 and type 4 classrooms, the type 4 classroom showed relatively high values ( Figures 5 and 8) . Notably, at analysis point number 13 near the windows, the difference in the frequency of the annual discomfort glare was 28%. This is because when the simulation was performed under the Perez sky condition, the luminance map of the rendered image was higher than that of the clear sky condition.
The Perez sky should be used in an analysis to find out the near-real glare situation so that it is possible to establish the most realistic glare prevention plan. However, as the Perez sky adopts a representative weather condition for each date, there are some disadvantages. In a simulation, glare problems may not be detected, since the analysis is not performed in clear weather throughout a year when glare easily occurs. Also, when simulating the clear sky condition, the problem of the inaccuracy of luminance-rendering images may be present in some areas near the windows. This may cause some differences in the frequency of discomfort glare compared to that of actual weather conditions, i.e., the Perez sky. However, the graphs of the clear sky classrooms (Figures 5-7) clearly show how the glare problem changed each month when compared to the graphs of the Perez sky classrooms (Figures 8-10 ). Therefore, given the options, it seems to be best to analyze and contrast the glare problems with both of these sky conditions.
Utilization of Annual and Monthly Glare Analysis
The analysis of the annual frequency of the occurrence of discomfort glare has an advantage in that it can easily show how discomfort glare occurs in an internal space for a one-year cycle of conditions. However, it is difficult to understand the case when severe glare occurs in a particular month and plan how to prevent or mitigate it since a one-year analysis is based on the average occurrence frequency of discomfort glare in a year. Therefore, it would be desirable to set up rough measures to prevent glare from the annual glare analysis and make more detailed plans by analyzing the frequency of monthly discomfort glare.
Comparison of Seasonal DGP Values
In the graphs of the discomfort glare frequency ( Figures 5-10 ), the occurrence of discomfort glare in winter was higher than in summer. The reason for this result is the difference in solar altitude between the winter and summer solstice. In Korea, the highest meridian altitude is approximately 75 degrees on June 21 to 22, and the lowest is about 28 degrees on December 21 to 22. One of the main reasons for the discomfort glare is the direct exposure of light sources, such as the sun, to the eyes (Figure 12 ). Because winter has a lower solar altitude than summer, the proportion of area where the sun can be directly exposed to the eyes increases in the classroom. The amount of time that the sun is exposed to the eyes also increases in winter at the same location. Therefore, the frequency of the occurrence of discomfort glare is higher in winter than in summer. Since DGP values are related to solar altitude, the results of the analysis will vary depending on the latitude of the region. problems may not be detected, since the analysis is not performed in clear weather throughout a year when glare easily occurs. Also, when simulating the clear sky condition, the problem of the inaccuracy of luminance-rendering images may be present in some areas near the windows. This may cause some differences in the frequency of discomfort glare compared to that of actual weather conditions, i.e., the Perez sky. However, the graphs of the clear sky classrooms ( Figures 5-7) clearly show how the glare problem changed each month when compared to the graphs of the Perez sky classrooms (Figures 8-10 ). Therefore, given the options, it seems to be best to analyze and contrast the glare problems with both of these sky conditions.
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Comparison of UDI Analysis and Glare Analysis
The incidence of discomfort glare in the indoor area decreased as the depth of the horizontal shading device increased. However, when the indoor light environment was analyzed through the UDI, the best results were obtained with a horizontal shading device with a depth of 600 mm. When the length was 900 mm, the overall illuminance of the classroom was lower than that of the other shading device depth. When only the glare problem is considered, it is better to extend the depth of 
The incidence of discomfort glare in the indoor area decreased as the depth of the horizontal shading device increased. However, when the indoor light environment was analyzed through the UDI, the best results were obtained with a horizontal shading device with a depth of 600 mm. When the length was 900 mm, the overall illuminance of the classroom was lower than that of the other shading device depth. When only the glare problem is considered, it is better to extend the depth of the shading device to as long as possible, but too much extension results in excessive blocking of natural light entering the classroom. Therefore, proper shade design should be planned to create the best indoor light environment considering both the problem of glare and the needs of indoor lighting.
Conclusions
In this study, the DGP was used as a practical example, and the glare situation in the classroom space of a school was analyzed. The results of the simulation and analysis were summarized to propose a method for improving glare evaluation measures that are lacking in indoor environmental certification standards. The results of this study are summarized as follows.
First, this study tried to establish the foundation to grasp the occurrence of discomfort glare inside the classroom objectively by using the DGP. In the evaluation of the indoor light environment of the environmental certification systems, assessment items related to glare are scored according to the type or number of shading devices installed in the windows, or there is no glare evaluation item. In the case of other indoor light environment evaluation items, with the exception of glare, there are measurements, such as the daylight factor (DF), uniformity ratio, annual sunlight exposure (ASE), DA, and UDI, in which a score is graded according to some steps. Similarly, glare evaluation items should also be applied in a stepwise manner through specific scales and numerical values.
Second, this study identified the location and frequency of discomfort glare over a DGP of 0.4 in the classroom's indoor area. The visualized data can help plan the indoor space and certification evaluation for the indoor light environment to prevent glare problems. By dividing the internal space of each type of classroom into 36 analysis grids, it was possible to identify the positions where discomfort glare primarily appeared. Planning can complement the weak areas where the severe glare occurred. Also, the proposed method identified annual and monthly incidence frequencies of discomfort glare by 10% intervals with different colored indices. Therefore, by using this method, for example, one can clearly present which month has the highest frequency of discomfort glare and average occurrence frequency of discomfort glare throughout a year. The proposed method will help reduce the occurrence of discomfort glare when planning educational facilities.
Third, this study demonstrated that there is a difference between a shade design that can reduce the glare problem and a shade design that can improve the natural light environment. When the depth of the horizontal shading device installed on the window increases, the frequency of discomfort glare decreases, and the indoor visual environment is continuously improved. However, a horizontal shading device over a certain depth excessively blocks the inflow of natural light, and the indoor space can become too dark so that the indoor illumination environment becomes worse than a case without the shading device. Therefore, horizontal shading devices with the proper length should be installed to improve the visual environment and the illuminance environment quality. The limitation of this study is that only horizontal shading devices were used in the simulation. Further research in simulations will be needed to determine how much the discomfort glare is reduced by using different types of shades.
Fourth, frequency data for discomfort glare occurrence can be used for planning the layout of the indoor space of a building. It is also possible to plan a reduction in the frequency of discomfort glare occurring in an indoor area through additional shading devices or window plans. In addition, by identifying the areas with discomfort glare occurrences, we can plan detailed layouts for enhancing problematic areas or excluding those parts from the workspace. This placement plan will provide a better light environment for people using the indoor space, which in the end will contribute to their health and productivity.
